Cells regulate the transcription of nearly all their genes, and it is not surprising that a good chunk of a cell's genes--some estimates range around 10% --is devoted to proteins involved in regulating transcription, especially the initiation of transcription. Much of the recent work in eukaryotic transcriptional regulation has been devoted to two related issues: how the general transcription machinery--the proteins that assemble around the startpoints of transcription-congregate and then disassemble to initiate transcription, and how gene-specific activator proteins, which are typically bound to the DNA upstream from the promoter, facilitate these events. A third issue--how eukaryotic transcriptional repressors work--has been lurking in the background, but until recently did not receive the attention enjoyed by the two other issues.
"In a typical eukaryotic cell, only about 7% of the DNA sequences are ever transcribed into RNA. It seems very unlikely that transcription is specifically blocked on the remaining 93% of the DNA by tens of thousands different repressor proteins. Common sense suggests that in higher cells.., most specific gene regulatory proteins act as gene activators, serving to turn on particular genes for transcription ." Today's view acknowledges that regulatory circuits are not necessarily based on sensible or economical design principles but often reflect the ease by which these circuits can and have been reconfigured during evolution. Repressors may not make sense, but they certainly are common. A second reason for the relative unpopularity of eukaryotic repressor proteins is more mundane: there was a natural reluctance to study proteins that gum up the intricate workings of a biological process that is still continuing to be understood and appreciated. However, it now appears that at least some repressors themselves are elaborate molecular devices--not simply grains of sand in the transcription workings--that act in defined and interesting ways. The title of this article is based on the political adage that "repression costs more than freedom" and reflects the fact that repressing a eukaryotic gene is not easy and is often costly in terms of the specialized protein assemblies the cell devotes to this purpose.
Because of space limitations, this minireview will emphasize eukaryotic repressors that bind to specific DNA sequences (or are brought to specific DNA sequences by other proteins) and that negatively regulate specific genes transcribed by RNA polymerase I1. For example, proteins that prevent activators from gaining access to the nucleus-although formally repressors of transcription--will not be considered. The role of histones and of chromatin structure in gene regulation will also not be discussed, as many excellent reviews dealing with this topic have appeared recently.
Clues from Prokaryotes
Important insights into the mechanism of action of repressors derive from studies in phage and bacteria. Transcription of a typical Escherichia coil gene begins with the binding of RNA polymerase holoenzyme to the promoter, followed by the isomerization of the protein-DNA assembly to form the open complex. Next, the RNA chain is begun with the formation of its first few phosphodiester bonds, and, finally, the polymerase is released from the promoter. Although transcription initiation is more intricate than this simple scheme would suggest, the four steps mentioned--binding, isomerization, phophodiester bond formation, and release--are convenient points at which the process can be analyzed biochemically. Where in this scheme does the typically prokaryotic repressor act? Different repressors appear to block different steps, and it seems that the notion of a typical repressor is misleading. For example, X repressor blocks polymerase from binding the promoter; MerR prevents the isomerization step; Gal repressor blocks phosphodiester bond formation; and Lac repressor has been proposed to prevent polymerase release (for MerR see Ansari et al., 1995;  for references to the other cases, see Herschbach and Johnson, 1993) . Based on these examples, it is a relatively safe prediction that--in eukaryotes--different repressors will also block different steps in transcription initiation. In the sections that follow, I review some of the best-characterized eukaryotic repressors and the points at which they are known or proposed to act. First, however, the ways that the repressors themselves associate with DNA are considered.
How Repressors Associate with DNA
Studies of gene repression in bacteria have revealed another important point: a single protein (X repressor, for example) can function either as a repressor or as an activator protein, depending on the arrangement of its binding sites with respect to the promoter. In eukaryotes, the semantics have become even more complicated as it is quite common for a protein to serve either as an activator or as a repressor, depending on the other gene regulatory proteins present in the cell. In some cases, an activator aids a repressor in binding DNA; for example, Lehming et al. (1994) describe the cooperative binding of dorsal (an activator) with DSP1 (a repressor). In other cases, the repressor itself does not bind DNA directly but instead recognizes the appropriate DNA-bound proteins. For example, the mammalian activator p53 recruits the repressor E1B-55K (Yew et al., 1994) . In flies, hairy-related proteins recruit the repressor groucho (Paroush et al., 1994) , and, in yeast, ~2 and MCM1 recruit the SSN6/TUP1 repressor (Komachi et al., 1994; Tzamarias and Struhl, 1995) . These different situations illustrate the difficulty in referring to a protein as a repressor or an activator. For this minireview, the term repressor will be used in its most general sense--a protein that at least in some contexts contributes to the repression of specific genes.
Likewise, the DNA sites that attract repressors also suffer from a nomenclature problem. These sequences have been called silencers, extinguishers, operators, negatively acting sequences, and the like. Although a few of these terms have very specific meanings in some contexts (silencers with respect to the silent mating cassettes in yeast, for example), they have generally been used interchangeably and do not imply any information about the mechanism of repression.
DNA binding and repression are separable functions; this is especially clear in cases in which the two functions lie on separate polypeptide chains (see above). It has been possible to map smaller "repression domains" on a variety of repressors, although no common signature has emerged, probably because, as described below, different repressors interact with different target proteins (for an excellent summary of these experiments, see Yew et al., 1994) . Finally, all the recognized eukaryotic DNA-binding motifs-leucine zippers, homeodomains, zinc fingers, and so forth--have turned up in examples of repression; there seems little correlation between the nature of the DNAbinding motif and the sign (positive or negative) of the regulatory protein.
Repression of Polymerase II-Transcribed Genes: An Overview
In vitro, RNA polymerase II cannot initiate promoterspecific transcription alone; it requires an additional set of proteins called the general transcription factors (TFIIB, TFIID, TFIIE, TFIIF, TFIIH, TFIIK, and others) to assemble around the startpoint of transcription. This assembly is guided in part by the TATA box, the DNA sequence recognized by TFIID. In the cell, efficient transcription also requires one or more gene activator proteins, which are usually bound to DNA upstream of the TATA box, often thousands of base pairs distant. For at least some gene activator proteins to stimulate transcription initiation efficiently, an additional set of proteins is required variously termed mediator or SRB components (for review see O'Neill and O'Shea, 1995) . This group of proteins, which has not been fully characterized, associates with RNA polymerase II.
To simplify this minireview, I will refer collectively to RNA polymerase II, the general transcription factors, and the various mediator and SRB components as the general transcription machinery. Although a great deal is known about the assembly of the general transcription machinery on promoters, it is useful for this minireview to consider an overly simplistic scheme in which a DNA-bound activator contacts the general transcription machinery, stimulating the initiation of transcription. Where in this simple scheme might repressors act? As discussed below and summarized in Figure 1 , strong evidence exists for repressors that bind DNA and thereby exclude a gene activator protein from binding to an overlapping DNA site; that bind DNA near a DNA.bound activator and "mask" or "quench" its activating surface, thereby preventing it from stimulating the general transcription machinery; and that bind DNA and interact with the general transcription machinery itself, preventing it from reaching a transcriptionally competent state. Specific examples of these three repression mechanisms will be discussed in turn.
Competitive DNA Binding
Several instances of eukaryotic repressors that work by binding to DNA and excluding the binding of an activator have been described, and this mechanism has been uncovered a number of times in the regulation of genes involved in pattern formation in the fly embryo (see, for example, Small et al., 1991) . A recent and intriguing variation on the theme of competitive DNA binding was recently proposed for the YB-1 protein, a repressor of the human major histocompatibility complex class II genes (MacDonald et al., 1995) . According to the model, YB-1 binds to specific DNA sequences and induces a local unwinding of the DNA duplex. This distortion would then prevent the nearby binding of activator proteins and would thereby result in gene repression.
Competitive DNA binding appears to be one of the less common mechanisms for transcriptional repression in eukaryotes, and the reason for this probably has to do with the organization of eukaryotic gene regulatory regions. Most eukaryotic genes respond to several (and often many) activator proteins bound along long stretches of DNA. To repress such a gene efficiently by competitive binding, a whole series of overlapping repressor binding sites--roughly one for each activator--would be needed, a seemingly difficult evolutionary feat. Perhaps competitive binding will be found most often in those cases in which only a few activator proteins predominate in the expression of a gene. Interfering with the Activity of a DNA.Bound Activator: Quenching or Masking Many repressors can co-occupy DNA with activators and yet still prevent the activator from functioning. In fact, a number of repressors and activators help each other bind DNA (see above), yet in most cases, the repressor dominates the outcome. The simplest model to explain this behavior has been variously called quenching or masking: according to it, the repressor interacts with the activator, covering (or in some other way compromising) its activation surface.
Quenching has been invoked to describe many examples of repression (often called short-range repression) in a wide variety of biological settings. For example, AP-1 (a heterodimer of Ju n and Fos) and glucocorticoid receptor are both considered transcriptional activators; however, in certain cases (that of the mouse proliferin gene, for example), the two regulators bind DNA together in a manner that prevents transcriptional activation by either one (Diamond et al., 1990) . Likewise, glucocorticoid receptor and NF-KB can cancel each other out in the regulation of cytokine transcription (Scheinman et al., 1995) , and E2A and Jun do the same upstream of the insulin gene (Robinson et al., 1995) . A number of fly repressors involved in early patterning also appear to use quenching as their mechanism. For example, the KrLippel protein displays the ability to quench some activators but not others (Licht et al., 1993) . In a number of the cases discussed above, repression does not require a defined length of DNA between the repressor and the activator; however, the effect of the repressor is often diminished as its binding site is moved further away from that of the relevant activator.
Quenching provides a number of important advantages over the other types of repression discussed in this minireview. First, it provides the cell with a simple device for signal integration, one that takes place on the DNA and is distinct from the general transcription machinery. In some of the cases mentioned above, regulatory proteins X and Y can, when taken singly, function as activators, yet when bound to DNA together, each cancels out the effect of the other. A "dedicated" repressor and the activator it quenches also neutralize one another; in other words, a plus and a minus produce no net effect. Second, quenching allows activators and repressors to battle it out on one segment of DNA without affecting the situation in a neighboring segment (see Gray et al., 1994) . This insulation is especially important in highly complex gene regulatory regions such as that found upstream of the fly evenskipped gene. This regulatory region, spread out over approximately 20 kb, is composed of modules, each approximately responsible for a different stripe of even-skipped expression in the developing embryo. Quenching easily explains how the repressors that act at one stripe module do not compromise the functioning of the other modules. Repressors That Act on the Basal Transcription Machinery Most eukaryotic repressors described to date seem to bypass activators all together and act directly on the general transcription machinery. Several experimental observations have been used as evidence for this type of repression, although the most convincing is a demonstration (in vitro or in transfected cells) that the repressor acts on basal--that is, unactivated--transcription. This type of repression is often called active to distinguish it from those mechanisms that involve compromising an activator.
How does active repression work? A few simple possibilities are likely: the repressor could interact with a nascent assembly of general transcription factors and sterically block the addition of subsequent proteins; the repressor could interact with the general transcription machinery and prevent an isomerization or disassembly step (that is, it could "lock" or "freeze" the assembly); or the repressor could load a "saboteur" factor into the general factor assembly that could act through either of the previous mechanisms.
Although none of the mechanisms discussed in the previous paragraph has been rigorously established, a number of recent observations--both genetic and biochemical-are highly suggestive. For example, the fly even-skipped protein, the mouse MSX-1 protein, the unliganded human thyroid receptor, and the adenovirus E1B-55K protein have all been shown to repress unactivated transcription (Johnson and Krasnow, 1992; Han and Manley, 1993; Fondell et al., 1993; Catron et al., 1995; Yew et al., 1994) . Even-skipped and the thyroid receptor must affect an early step in general factor assembly, since the assembling transcription complexes rapidly become immune to the effects of the repressor. MSX-1 has been shown to interact with protein-DNA complexes containing several of the general transcription factors, including the TATA-binding protein and TFIIB.
Another target for repressors in the general transcription machinery--a cyclin-kinase complex--has been implicated by genetic experiments in yeast. SRB10 (the kinase) and SRB11 (the cyclin) are part of the yeast holoenzyme, a large complex of proteins that also includes RNA polymerase II and many of the general transcription factors (Liao et al., 1995) . SRBIO and SRB11, although nonessen-tial genes, are required for full levels of repression by the SSN6/TUP1 repressor (Kuchin et al., 1995; Wahi and Johnson, 1995) . It is not yet clear whether the SSN6/TU P1 repressor uses these proteins simply as handles on the transcription machinery or whether SSN6/TUP1 directly modulates the activity of the kinase. If the latter is true, then it is easy to understand how a repressor might freeze or lock the transcription machinery in an inactive state.
Active repression provides the cell with a mechanism to turn off expression of a gene efficiently irrespective of the nature and number of its activator proteins. This feature seems especially important in the regulation of cell type-specific genes, as it is important to keep genes from being expressed in the incorrect cell type, even though many of the proteins that activate the gene may be present.
Another advantage of active repression is the ease with which a gene--even one with a complex regulatory region-can be manipulated to bring it under tight negative control by a repressor. In the laboratory, this involves inserting a DNA-binding site for the repressor just about anywhere in the gene regulatory region, even upstream of all the activator-binding sites. It is tempting to imagine that the ease of this manipulation is reflected in the evolutionary history of many genes that are controlled by active repressors.
Conclusions
Transcription initiation in eukaryotes should probably be considered more of a cellular information-processing step than a way to make the first couple of phosphodiester bonds of an mRNA molecule. The interplay between repressors and activator provides some of the clearest mechanisms by which a cell can convert a large array of gene regulatory proteins into a level of expression for each of the cell's genes. Examples of gene repression are increasing dramatically in the literature, and a true understanding of the different mechanismsthat cells use to carry out this important process should be forthcoming.
